Development of p-Version handbook solutions for analysis of composite bonded joints  by Engelstad, S.P. & Actis, R.L.
An htamatbal Journal 
computers & 
mathematics 
with appkatloM 
PERGAMON Computers and Mathematics with Applications 46 (2003) 81-94 
www.elsevier.com/locate/camwa 
Development of p-Version Handbook Solutions 
for Analysis of Composite Bonded Joints 
S. P. ENGELSTAD 
Lockheed Martin Aeronautics Company 
86 South Cobb Drive, Dept. 6E5M 
Marietta, GA 30063-0663, U.S.A. 
steve.engelstadcDlmco.com 
R. L. ACTIS 
Engineering Software Research and Development 
10845 Olive Blvd., Suite 170 
St. Louis, MO 63141-7760, U.S.A. 
ricardo(Desrd.com 
Abstract-This paper illustrates an example of a very fruitful effort of an industry research 
team in identifying and filling an analysis tool requirement in the area of composite bonded joints. 
The Composites Affordability Initiative, an Air Force sponsored joint aeronautics industry program, 
identified an analysis need for the rapid sizing of composite bonded joints. After an extensive review of 
the state of the art in modeling of bonded joints, a pversion finite-element-based commercial software 
was identified. This paper reviews the development history and describes new capabilities installed 
into this software through a joint effort of the CA1 team and the software provider. The modifications 
implemented are discussed, and an example double-lap bonded joint analysis is presented. How the 
modeling philosophy of composite bonded joints differs from previous work is discussed, including the 
handling of singularities and error control. Actual failure criteria implemented, including stress/strain 
extraction logistics, are not reviewed, but examples of the general enhanced capabilities are discussed. 
An important lesson learned is the need for industry users to work closely with software providers to 
precisely tailor software to the requirements of the problem and the focus user group. This experience 
highlights the key link being forged between aerospace industry researchers and software providers 
to develop next generation analysis tools. @ 2003 Elsevier Science Ltd. All rights reserved. 
Keywords--pversion FEM, Composite bonded joints, Handbook solutions. 
INTRODUCTION 
The desire to reduce costs of composite aircraft structure has recently led to an increased emphasis 
on bonded joint analysis capabilities in the aeronautics industry. A new initiative has been 
formed, entitled the Composites Affordability Initiative (CAI), with the goal to decrease the 
recurring acquisition costs of composite airframe structure, thereby making composites more 
affordable for the next generation of fighter aircraft. Participants in the initiative include the 
Air Force, Navy, Lockheed Martin, Boeing, and Northrop Grumman. A CA1 analysis tools 
team, with members from each of the participants, was created to study improved analysis tools 
for composite bonded joints. This paper reviews the development history and describes new 
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capabilities of a p-version finite-element-based tool developed by a joint effort of the CA1 team 
and a software provider. 
The capability of performing rapid parametric sizing studies was one of the central objectives 
of the team. The goal was to develop parameterized solutions for various bonded joint config- 
urations, and validate failure predictions with CA1 test data. These solutions would then be 
used by non-FEA experts to perform rapid, preliminary design sizing of composite bonded joints. 
Existing bonded joint analysis tools in the aeronautics industry (such as the industry standard 
A4EI code) are limited to simple joint geometry (typically single, double, and step-lap joints) 
due to the one-dimensional nature of the solution. More complex joints are being utilized to 
achieve affordability goals, and thus, solution techniques require at least two-dimensional con- 
tinuum elasticity analysis. Many finite-element studies utilizing plane strain analysis appear in 
the literature, all using h-version finite-element approximations [l-7]. Many utilized nonlinear 
models for the adhesive, and others included geometric nonlinearity as well. Different methods 
for handling the so-called “spew” fillet geometry, which is formed at the adhesive free edge, have 
also been considered. 
Since singularities exist in the elasticity solution at free edges of composite layer interfaces, 
and also at re-entrant corners, failure criteria must be formulated in terms of functionals, the 
exact values of which are finite and not sensitive to minor variations of topology. Strains and 
stresses corresponding to the exact solution of linear elastic models are usually infinite at singular 
points. The numerically computed strains or stresses are, of course, finite but very sensitive to the 
discretization (mesh and polynomial order of elements), and should not be used to formulate any 
failure criterion. Consideration of the convergence characteristics of the computed information 
and error control in theseregions is also important since failure tends to initiate in the vicinity of 
these singularities. Other important issues include the need for a modern, user-friendly interface, 
the ability for the user to build-in failure criteria expressions, advanced stress/strain extraction 
capabilities, and insensitivity to very large aspect ratios caused by the modeling of thin composite 
layers. 
The CA1 analysis tools team completed an extensive study of the state-of-the-art in the area of 
composite stress analysis tools, as would be applied to failure analysis of composite bonded joints. 
The software StressCheck, developed by Engineering Software Research and Development, Inc. 
(ESRD), was identified as a potential provider, and following an evaluation phase, was selected. 
This software offers a p- and hp-element formulation, which satisfies the need for error control, 
low sensitivity to large aspect ratios, and also includes geometric and material nonlinearities. 
StressCheck already had an electronic handbook infrastructure, which contains many of the 
required parameterization features mentioned above. Once StressCheck became an approved CA1 
analysis tool for further development, CA1 and ESRD worked closely to define the modifications 
required for the bonded joint applications. ESRD implemented the improvements through both 
industry contract funding and AFOSR sponsorship. 
This paper will review the modifications implemented into StressCheck, and discusses a typ- 
ical example of a doublelap joint analysis. Also included is a discussion on how the modeling 
philosophy for this joint differs from previous work, including the handling of singularities, and 
error control. Due to proprietary considerations, the actual failure criteria implemented, includ- 
ing stress/strain extraction logistics, will not be reviewed, however, explanation of the general 
enhanced capabilities will be addressed. 
BONDED JOINT ANALYSIS-h- VERSUS p-VERSION 
Composite lap joints are used throughout the aeronautics industry for transferring primary load 
paths in shear. Single and double lap shear tests are performed as part of adhesive and composite 
characterization programs, in order to develop an empirical database. The ability to predict the 
failure of single and double lap joints would accelerate the insertion of a new composite material, 
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ease the design of repairs, and enable adhesive joints to be utilized more readily in the aeronautics 
industry. Previous prediction tools utilized for bonded joints on aircraft production programs 
have been one-dimensional in nature, having the ability to predict the shear components of stress 
but not the peel component. Future programs will need the ability to predict the failure of joints 
with dominant peel loading. The need thus is obvious to move towards a continuum elasticity 
solution, either 2D plane-strain when applicable, or 3D. 
P+ -+P 
Total length 
Figure 1. Typical double lap joint configuration. 
stress along 
X 
Figure 2. Stresses along bondline running from the corner to the gap. 
A description of the geometry of a typical double lap joint is given in Figure 1. Two doublers 
of identical geometry and lay-up are adhesively bonded to the “parent” skins, with a gap in the 
center. The parent laminate is typically a balanced symmetric laminate. The adhesive bondline 
length, thickness, and material properties are dominant design features of the bond, as well as 
the composite lay-up, particularly the surface ply orientation. The joint is loaded in uniaxial 
tension, creating a dominant shear loading in the adhesive. Due to the balanced nature of the 
joint, no bending moments are created, and thus, the transverse shear stress (rZI) is uniform 
across the majority of the adhesive overlap region, except near the ends (see Figure 2). Peel 
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stress (transverse normal stress) is induced at the ends where the adhesive and doubler meet 
the skins (Figure 2). Here there are singularities due to the reentrant corner geometry, and the 
mismatch of material properties meeting a free edge. Of course, the corner does not exist in 
the real joint, but due to the uncertainty of the actual adhesive shape, a reentrant geometry is 
selected for analysis. The adhesive usually behaves nonlinearly, with a common selection of a 
von Mises yield surface and a Ramberg-Osgood one-dimensional stress-strain curve description. 
Typical failure analyses of double lap joints have been based on stress/strain computed from 
nonlinear elasticity solutions and linear elastic fracture mechanics. In this work, stresses and 
strains from a plane-strain elasticity solution are utilized, with the adhesive modeled as an elastic 
plastic material. Fracture mechanics methodology is not desirable, due to the need to determine 
the load to initial failure, with multiple competing failure modes. Also, methods based on the 
extension of linear elastic fracture mechanics to multimaterial interfaces (GSIF) were considered 
not adequate because in general, bonded joint problems have significant nonlinearity (material 
and geometric), and the GSIF methods utilize an eigenvalue solution of a linear problem. Fur- 
thermore, no test data is available to determine the “allowables” needed for the GSIF methods. 
For details about the computation of generalized stress intensity factors (GSIF) for multima- 
terial interfaces by the p-version of the finite-element method, and the CA1 requirements for 
modification of StressCheck, refer to [8]. 
The insertion of cracks in the model for each potential failure mode in a preliminary design 
phase with rapid sizing being performed parametrically is not practical. 
The use of stresses and strains to predict failure from an elasticity solution requires accurate 
modeling of singularities. The idea is to utilize stress/strain computed at a distance from the 
singularity [9], where the numerical predictions are well converged, and the influence of the 
geometric details of the adhesive free edge is not significant. Of course, it is not important to 
predict the strength of the singularity (stress intensity factors) as in fracture mechanics, but it is 
important that the energy of the singular gradients do not pollute the neighboring solution where 
the stress information is to be extracted. In Figure 3, the StressCheck p-version 2D plane strain 
finite-element mesh of the double lap joint is shown, with successive zoomed in views, to indicate 
the element refinement in the mesh approaching singular points. The mesh is graded in geometric 
progression toward the singular points with a common factor of 0.15 [lo]. This meshing strategy 
is necessary near singular points to obtain nearly optimal rates of convergence. Also the first 
several layers adjacent to the adhesive both above and below are modeled discretely, using one 
element per layer, and the rest of the layers grouped into a sublaminate. This allows recovery 
of accurate interlaminar stresses in areas of importance, even in the region in the near field of 
the singular points. Note that the double lap joint tends to have very large length-to-thickness 
ratios, leading to the requirement to have thin elements with large aspect ratios in areas away 
from the singularities. In the mesh shown in Figure 3, aspect ratios as high as 200 to 1 are 
possible depending on the dimensions of the lap joint. 
Figure 3. StressCheck p-version mesh of a double lap joint. 
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Figure 5. Convergence plot of local peel stress. 
The ability to provide convergence information of the computed functionals is an important 
advantage of the p-version of the finite-element method over conventional h-version implementa- 
tions. Figure 4 shows a global error plot, in which the relative % error in energy norm is plotted 
as a function of the number of degrees of freedom (DOF) in the model (automatically increased 
by p-extension). Of course, convergence in energy norm does not guarantee convergence of local 
quantities, such as stress or strain. For that a sequence of solutions with increasing number of 
degrees of freedom must be available so that the convergence characteristics of any data of inter- 
est can be ascertained. For example, Figure 5 shows the convergence plot of the transverse peel 
stress, at the highlighted node location away from the singularity, as a function of the number of 
degrees of freedom in the model. 
As the adhesive is typically modeled with a nonlinear material behavior, typically a von Mises 
material, and many of the joints (such as the single lap) have large deformation and rotations, 
the ability to handle both material and geometric nonlinearities is a requirement. This is true 
of course only for the stress failure approach. StressCheck nonlinear capabilities include the 
deformation theory of plasticity with the von Mises yield criterion for the material, and geometric 
nonlinearity based on a spatial/Eulerian formulation applicable for problems for which a unique 
solution exists. These capabilities are suitable for the lap joint problems under study. 
A desirable feature for stress/strain failure analysis is the ability to extract this information 
continuously throughout the elements, at edges, and even at inserted internal geometrical lines 
that cross element boundaries. Today’s p-version codes typically allow this extensive postprocess- 
ing, whereas typically the h-version programs only allow stress extraction at the internal Gauss 
integration points or at the nodes. Accuracy of this stress/strain information from either a p- 
or h-version solution of course depends on the local fidelity of the mesh and the order of the 
interpolation in use, and can only be ascertained by an extension process. 
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In order to develop a rapid sizing tool using finite-element solutions, the ability to define 
geometric parameters that can automatically adjust the boundaries of the problem, and scale the 
mesh to this new geometry, is a necessity. This requirement, together with a low sensitivity to 
elements with high aspect ratios, makes the p-version ideally suited for these types of problems. A 
parameterized mesh of a double lap will have to have bounds placed on the geometric parameters 
such as lap length, adhesive thickness, etc., in order to avoid numerical problems and/or poor 
convergence. Since the h-version is more susceptible to these issues, then these bounds will have 
to be tighter and more limiting than in a p-version mesh. In addition, the StressCheck p-version 
can provide automated convergence reporting for each use of this parameterized solution. Figure 6 
shows a parameterized mesh of the double lap joint problem. The main geometric features of 
the joint are defined in parametric form (such as Leg, L, gap, etc.). Also, various ply and 
sublaminate thicknesses are defined parametrically. StressCheck has a special feature called the 
Handbook Framework, allowing thorough parameterization of the geometry, materials, loading, 
failure criteria, etc., so that a mesh can be designed, parameterized, and reused by multiple 
handbook users. This will be discussed in greater detail in the example section. 
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Figure 6. Parameterized double lap joint mesh. 
CA1 MODIFICATION REQUESTS TO StressCheck 
The CA1 program, following a thorough evaluation of the StressCheck p-version software, 
worked very closely with the developer Engineering Software Research and Development, Inc., 
to define the modifications necessary to achieve the CA1 objectives. These modifications were 
performed under an Air Force STTR program, and also CA1 funding. A description of these 
modifications follows. 
Averaging of Stress/Strain 
A capability was implemented to compute average stress/strain along element edges, element 
faces, and arbitrary curves or element volume. The average is understood in the integral sense, 
and the user can control the number of points used for the numerical integration. For example, 
if the average stress u, is required along a line of length d,, the program performs the following 
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numerical integration: 
1 
s 
do 
8, = - 
do 0 
1.7~ ds. (1) 
The length/area/volume of the curve/face/element is computed for the model entity selected 
from the screen, and the user controls the number of points where the integrand is to be computed. 
The quantities for which the average can be computed include the displacement components in 
the global system, all directional strain and stress components, principal strains and stresses, and 
any other function that can be described using the formula option in StressCheck. This allows 
formulating an expression of “margin of safety” based on average quantities for any failure mode 
in the adhesive, adherent, or adhesive/adherent interface. For example, an expression for the 
“margin of safety” (MS) for the interlaminar out-of-plane failure of composite adherents can be 
written as (21 
(2) 
In this case, the average of JJ, and rZZ are computed first before the expression of MS is evaluated. 
In this equation, o0 and r0 are experimentally measured interlaminar allowables. 
Margin of Safety Computation 
A typical analysis of a bonded joint requires two load evaluations, first a design load margin 
of safety, and second a determination of the ultimate failure load. As the analysis of a bonded 
joint is typically nonlinear, then a simple scaling of a linear result to the loads in question is not 
possible. For the design load margin of safety, a nonlinear analysis (material and/or geometric) 
at this load is performed, and the margins of safety are computed for multiple modes of failure. 
For the failure load analysis, an automatic procedure was implemented consisting of incrementing 
the load and checking at the end of each load step to determine whether any of the failure criteria 
were exceeded. Once the first failure mode is reached, it is possible to continue.the load increment 
until the next failure mode is reached. It should be noted that the next failure mode (computed 
beyond the first one) is not influenced by damage inserted into the model due to the initial failure 
mode. 
Orthotropic Property Input 
A capability to improve the input of orthotropic material properties for individual plies and 
for sublaminate properties for 2D plane-strain analyses was required. 
INDIVIDUAL PLIES. The original procedure in StressCheck required entering the material coef- 
ficients for the in-plane properties directly for each group of plies with the same orientation. 
When the ply-angles are not contained in the standard 2D working plane (the plane-strain XY 
plane), the material coefficients needed for the 2D constitutive equations had to be computed 
outside StressCheck. A procedure was developed to allow entering the 3D material coefficients 
in the material axes of the composite, and then assigning the properties together with the ply 
angle to the elements. The program then performs the necessary transformations to compute the 
equivalent 2D properties in the StressCheck XY work plane. The appropriate 3D properties can 
be applied when the planar model is extruded into 3D as well. 
SUBLAMINATES. When a set of plies needs to be combined in a single layer (sublaminate), the 
properties of the sublaminate could not be computed inside StressCheck. A procedure to perform 
the homogenization of the material properties was implemented [ll]. Again, the 3D material 
coefficients in the material axes of the composite are entered together with the stacking sequence of 
the sublaminate, and the program computes the equivalent 2D properties in the StressCheck XY 
work plane for the stack. The appropriate 3D properties can be applied when the planar model 
is extruded into 3D as well. 
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Postprocessing Improvements 
A capability to extract engineering information (stresses and strains) in any user-defined co- 
ordinate system or in the lamina (material coordinate system) for both flat and cylindrical de- 
scription of the laminate properties was implemented. A capability was also added to visualize 
the principal direction vectors in 2D and 3D. 
Thin Solids 
One limitation of the plane-strain model is that it does not represent the 3D problem well when 
the ply angles are not contained in the plane-strain plane or are perpendicular to it. Solving the 
full 3D problem, on the other hand, can be computationally very expen- 
Materid T6XWT.34 tape. 5.5mil thick, 
FMXO-K Adhesive, 0.006” thick, 
Width: 1.0’ 
Leg=2.18 L=2.58 
Figure 7. Configuration of the example problem. 
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Figure 8. Graphic user interface showing the model and the Handbook. 
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Adhesive Shear Strain Allowable 4.00Oe-001 
Interlaminar Shear all. in l-3 dir. 1.840e+004 
Fiber dir. Compression allowable 2.300e+005 
Fiber dir. Tension allowable 3.390e+005 
Matrix drr. compressron allowable 3.000e+004 
Matrix dir. Tension Allowable 6.760e+003 
Out of plane compression allowable (psi 3.000e+004 
Out of plane tension allowable (psi) 6.760e+003 
DeltaTfor adhesive layers O.OOOe+OOO 
DeltaTfor composite layers O.OOOe+OOO 
End segment (in) 6.OOOe-002 
Lap joint length (in) 2.582e+OOO 
Leg extension (in) 2.180e+OOO 
Increment of applied load (lb) 1 .OOOe+002 
Lower applied load (lb) 5.5OOe+OO3 
Upper applied load (lb) 8.000e+003 
Singularity factor (-) (do not change) 7.500e-002 
Angle orientation of parent surface ply O.OOOe+OOO 
Angle orientation of strap surface ply 0.00Oe+000 
Adhesive thickness (in) 6.000e-003 
Parent ply 1 thickness (in) 5.500e-003 
Parent ply 2 thickness (in) 5.500e-003 
Parent ply 3 thickness (in) 5.500e-003 
Parent ply 4 thickness (in) 5.500e-003 
Parent Sublamina thickness (in) 2.200e-002 
Mesh Transition Parameter (don’t change 1.700e-001 
Strap ply 1 thickness (in) 5.500e-003 
Strap ply 2 thickness (in) 5.500e-003 
Strap ply 3 thickness (in) 5.500e-003 
Strap ply 4 thickness (in) 5.50Oe-003 
Strap Sublaminathickness (in) 2.200e-002 
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Figure 9. Analysis tab window. 
sive. StressCheck supports an analysis option called extrusion, which simplifies model construc- 
tion before converting the problem to 3D so it can handle off-axis plies. Other researchers have 
attempted to use a “generalized plane strain” analysis to allow constant out-of-plane strain to 
handle off-axis plies. To improve the performance of the extruded model in particular and the 
fully 3D model in general, it was decided to implement a special element formulation (thin solid). 
The thin solid allows us to control the discretization (p-level) in the transverse (thin) direction 
independently of the discretization in the in-plane direction, thus providing substantial savings 
in the number of degrees of freedom without compromising accuracy [12]. 
EXAMPLE DOUBLE-LAP JOINT HANDBOOK ANALYSIS 
An example of a double lap joint analyzed in StressCheck is described in detail, in order to 
visualize the enhancements described above. The double lap being analyzed is one that was tested 
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Figure 10. Orthotropic property input. 
KY. 
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Figure 11. Double lap joint ply property IDS (not to scale). 
by Tong [2, Joint C2], and the description is given in Figure 7. The objective is to determine the 
failure load of this joint. 
After loading the handbook model into StressCheck, the user interface appears as shown in 
Figure 8. The parameters controlling the model are available by selecting the Analysis tab as 
shown in Figure 9. In this interface, the parameters can be modified to fit the problem that is 
being solved and the mesh and boundary conditions are automatically updated. 
By clicking on the Laminate tab shown in Figure 9, the stacking sequence and ply lay-up of the 
various plies can be updated. Figure 10 shows the StressCheck Handbook window ‘LLaminate” 
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Figure 12. Input of adhesive nonlinear material properties 
Table 1. Margin criteria definition 
Extra&ion ID 1 Min/Max or Average Failure Criteria 
BondL 
BondR 
MinIMax 
Min/Max 
Max Eff. Strain 
1 Max Eff. Strain 
Margin Check Summary 
Symmetric Lap Joint Specimen 
ID= SOLl, run #l 
Criteria Number Margin Criteria Limit Load Margin Value 
________________________________________-------------------------- 
1 bondlOL 6.600000e+003 6.578711e-001 
2 bondlOR fi&&Q&+003 6.517236e-001 
* 7 DlVLL 6.60OOOOe+OO3 -3.379079+nnQ 
4 PlYLU 6.600000e+003 8.991716e-001 
5 PlYRL 6.600000e+003 8.441486e-001 
6 P~YRU 6.600000e+003 6.263306e-001 
1 out of 6 Margin criteria exceeded. 
Figure 13. Margin Check report. 
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Figure 14. Automatic convergence plots. 
tab for updating the ply angles of laminate composites. By selecting a given ply name, the 
corresponding Lamina Material ID is identified, and the ply layout angles can be altered. The 
ply names available for the joint are as indicated in Figure 11, and the numbering is consistent 
with the ply thickness parameters defined in Figure 9 (for example, PLYPl corresponds to the 
parent ply 1). Ply IDS such as PLYPl, etc., correspond to a single ply, and are represented by a 
discrete row of elements in the model. Multiple layers can be defined for sublaminates as shown 
in Figure 11 for the “PLY-SUB-STRAP” and “PLY-SUB-PARENT”. If it is desired to modify 
the orthotropic material coefficients of a given Lamina Material ID, the user selects the “Edit” 
button to gain access to the Input “Material” tab property definition window shown to the right 
in Figure 10. 
The coefficients of the nonlinear material properties for the adhesive can be updated from the 
same window shown in Figure 10. Figure 12 shows the windows settings for the adhesive material 
data. In addition, the 1D stress-strain representation of the nonlinear properties is supplied in a 
graph area. 
Once the parameters describing the model and the material properties are updated, selecting 
the Solve button in the Analysis tab (bottom of Figure 9) initiates the analysis. The program 
will automatically solve the linear problem using a predefined p-extension, and proceed with the 
Margin Check analysis to solve the material nonlinear problem. The linear solution with the 
highest number of degrees of freedom is used as the starting point of the nonlinear iteration. 
During the Margin Check analysis, the initial load (PL = 5500) is increased to a final target load 
(PU = 8000) in equal increments (PINC = 100). At the end of each load step, the predefined 
margin criteria are evaluated. If any of the margin equations become zero or negative, the analysis 
stops; otherwise the load is increased and the analysis continues. Table 1 shows examples of the 
class of margin criteria considered for this problem, in which Min/Max extractions are performed 
on element edges near the failure region. Stress interaction failure criteria formulas similar to 
equation (2) are utilized. Upon completion of the margin check run, a report appears showing 
the results of the margin evaluation (Figure 13). This report gives the ultimate failure load 
and the corresponding values for each margin criterion. Note from this report that the ultimate 
failure load is 6600lbs, and that the margin criteria “PlyLL” has a negative value. This load 
corresponds to the first ply failure of the parent in the left corner of the joint. From [2], the 
average failure load was 72181bs, with test data ranging from 65491bs to 80871bs. The best 
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Figure 15. StressCheck Handbook plot: margin contour at failure load 
predicted failure load from the reference was 8123 lbs. The prediction here was within 9% of the 
average experimental failure load. 
By clicking on the Report button shown in Figure 9, a report window appears with a summary 
of all the parameter values and the energy norm convergence summary. In addition, a graph 
window appears as shown in Figure 14. By selecting the indicated tab, a plot of energy norm 
convergence, Sy (a, in laminate coordinates) convergence, or Txy (r,,) convergence is displayed. 
For each failure criteria that was exceeded, the nonlinear solution is stored so that the user 
can postprocess the results. Figure 15 shows a contour of the function (MS21BP) used for the 
definition of the criterion at the region of the failure. 
The handbook procedure just described allows experienced finite-element modelers to develop 
handbook solutions for bonded joints and build in their own failure criteria, validated by test 
data. Once the problems are formulated and validated, they can be made accessible to designers 
with no FEA expertise for sizing and design. Due to the automated convergence reporting and 
p-extension capabilities, it is believed that the problems of numerical convergence and “mesh 
dependency”, realized in many other bonded joint procedures for the computation of failure 
loads, have been removed. 
The CA1 analysis tools team has conducted an extensive verification program, validating this 
model and other similar models to test data. Typically these models reliably capture the correct 
failure mode and are within *150/o of the measured failure load, using CA1 validated failure 
criteria and stress/strain extraction methods. With the increased reliability of predicted stress 
and strain provided by this analysis tool, it is believed that attention is now needed in the area 
of improved failure criteria and measured allowables. 
The extrusion solution is set up for handling off-axis (such as 45 degree) plies. This solution 
will work efficiently with the thin solid formulation when off-axis plies require a 3D analysis. 
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A plane-strain model loaded from the handbook can be automatically extruded if the failure 
develops in regions close to the angle plies, so it can be reanalyzed as a 3D model. 
SUMMARY AND CONCLUSIONS 
This paper presents a success story of the Composites Affordability Initiative (CAI) program 
analysis tools team in identifying and filling an analysis need in the area of composite bonded 
joints. A review was given of the development history and new capabilities installed into a 
p-version finite-element-based commercial software through a joint effort of the CA1 team and the 
software provider. An example of a double-lap bonded joint analysis was presented to illustrate 
the new capabilities implemented by the team. How the modeling philosophy of composite bonded 
joints differs from previous work was discussed, including the improved handling of singularities 
and error control. 
It is believed that due to the automated convergence reporting, and high-order polynomial 
capability, the problems of numerical convergence and mesh dependency perceived in many other 
bonded joint solutions have been removed. The handbook interface provided by this software 
allows users to design their own solutions to specific problems, such as composite bonded joints, 
and tailor them for reuse. CA1 has had good success in predicting failures of many bonded double 
lap joints, utilizing this handbook procedure, and is proceeding to more difficult problems such 
as cobonded or cocured stiffener tees loaded out of plane. Since the ability now exists to compute 
very accurate stress/strain information for these joints, with reliability, it is believed that more 
attention is necessary in producing improved allowables and failure criteria. 
An additional important conclusion is the need for industry researchers and software users to 
work closely with software providers to precisely tailor the resulting tool to the requirements of the 
problem and the focus user group. This experience highlights the key link being forged between 
aerospace industry researchers and software providers to develop next generation analysis tools. 
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